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ABSTRACT

We analyzed the near-infrared to UV data of 16 quasars with redshifts ranging from 0.71 < z < 2.13 to investigate dust extinction
properties. The sample presented in this work was obtained from the High Ay Quasar (HAQ) survey. The quasar candidates were
selected from the Sloan Digital Sky Survey (SDSS) and the UKIRT Infrared Deep Sky Survey (UKIDSS), and follow-up spectroscopy
was carried out at the Nordic Optical Telescope (NOT) and the New Technology Telescope (NTT). To study dust extinction curves
intrinsic to the quasars, we selected 16 cases from the HAQ survey for which the Small Magellanic Cloud (SMC) law could not
provide a good solution to the spectral energy distributions (SEDs). We derived the extinction curves using the Fitzpatrick & Massa
(1986, AplJ, 307, 286, FM) law by comparing the observed SEDs to a combined previously published quasar template. The derived
extinction, Ay, ranges from 0.2—-1.0 mag. All the individual extinction curves of our quasars are steeper (Ry = 2.2-2.7) than that of
the SMC, with a weighted mean value of Ry = 2.4. We derived an average quasar extinction curve for our sample by simultaneously
fitting SEDs by using the weighted mean values of the FM law parameters and a varying Ry. The entire sample is well fit with a single
best-fit value of Ry = 2.2+0.2. The average quasar extinction curve deviates from the steepest Milky Way and SMC extinction curves
at a confidence level 295%. Such steep extinction curves suggest that a significant population of silicates is involved in producing
small dust grains. Another possibility might be that the large dust grains may have been destroyed by the activity of the nearby active

galactic nuclei (AGN), resulting in steep extinction curves.
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1. Introduction

The interstellar medium (ISM) is full of small condensed par-
ticles called interstellar dust, which play a crucial role in the
formation of stellar populations. The dust scatters and absorbs
the UV and optical light and affects our measurements of dis-
tant objects; this needs to be corrected for any quantitative anal-
ysis. To study dust, the standard method is to determine the
extinction curve by fitting an empirical extinction law, thereby
revealing information about the total column density of dust
grains, their sizes, and compositions. For example, the extinc-
tion curves of the Milky Way (MW) and the Large and Small
Magellanic Clouds (LMC and SMC) are different from each
other (Fitzpatrick & Massa 1986; Cardelli et al. 1989; Pei 1992),
which is partly due to the presence and relative strength of
the so-called 2175 A dust absorption feature, but also to the
UV-steepness.

While the use of empirical extinction laws in most cases pro-
vides a good basis for classifying different types of curves (Pei
1992), it has proven necessary in some cases to add adjustable
parameters to the laws (Fitzpatrick & Massa 1986). Of particular
interest is the so-called total-to-selective extinction Ry (where
Ry = Ay/E(B - V)), where a low value of Ry corresponds to a

* Appendix A is available in electronic form at
http://www.aanda.org
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steep curve. In the classic empirical curves of MW, LMC, and
SMC, Ry has values of 3.08, 3.16, and 2.93, respectively (Pei
1992).

The Sloan Digital Sky Survey (SDSS) statistical study of the
colours of quasi-stellar objects (QSOs) demonstrated the exis-
tence of a significant population of dusty QSOs (Richards et al.
2003). Heavily reddened QSOs have been widely detected (e.g.
Hall et al. 2002; Ellison et al. 2004; Wang et al. 2005; Jorgenson
et al. 2006; Meusinger et al. 2012; Glikman et al. 2012; Fynbo
et al. 2013). The SMC extinction curve commonly is used to de-
redden QSOs (e.g. Richards et al. 2003; Hopkins et al. 2004;
Glikman et al. 2012). The 2175 A extinction feature has also
been detected in a few QSOs (e.g. Jiang et al. 2011). A grey
extinction curve, flatter than the SMC curve, has been proposed
in some cases (Maiolino et al. 2001; Gaskell et al. 2004; Czerny
et al. 2004; Gaskell & Benker 2007). The supernova dust ex-
tinction curve, which is flat at A > 1700 A and steeply rising
at short wavelengths, has been observed in some z > 4 QSOs
(Maiolino et al. 2004; Gallerani et al. 2010). Hall et al. (2002)
reported two broad absorption line (BAL) QSOs with extinction
curves even steeper than the SMC curve. It is important to note
that dust in the intervening absorption line system can also con-
tribute to the excess reddening toward QSOs (e.g. Ménard et al.
2008; Wang et al. 2012), and care should be taken to avoid con-
fusing the two.
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In a recent survey for High Ay QSOs (HAQ, Fynbo et al.
2013) it was found that a significant fraction of the highly red-
dened QSOs have very steep reddening curves that cannot be
matched by the usual SMC extinction curve. Here we aim to
characterize this sub-class of QSOs in more detail and in par-
ticular to determine whether they are similar enough to allow a
global description. The paper is organized as follows: in Sect. 2
we present our data and sample selection criteria. In Sect. 3 we
define the dust model, and Sect. 4 describe results from the anal-
ysis. Section 5 provides a discussion, and Sect. 6 summarizes
conclusions.

2. Data and sample definition
2.1. Multi-wavelength data

The QSO data used in this study is a sub-sample of the HAQ
survey from Fynbo et al. (2013, hereafter PaperI) and Krogager
et al. (2015, hereafter Paper II). The Paper II survey is an exten-
sion of PaperI where QSOs were selected from the SDSS and
the UK InfraRed Telescope (UKIRT) Infrared Deep Sky Survey
(UKIDSS) colours. The near-infrared (NIR) to UV data for these
quasars are completed by taking advantage of the SDSS (u, g, r,
i, and z) together with UKIDSS (Y, J, H, K;) catalogues (Peth
et al. 2011). The details on building the sample are presented
in PapersI and II. Follow-up spectroscopy confirmed that 79%
(Paper]) and 97% (PaperlIl) candidates are QSOs. The spectra
were taken with the Nordic Optical Telescope (NOT) equipped
with the instrument Andalucia Faint Object Spectrograph and
Camera (ALFOSC) and the New Technology Telescope (NTT)
equipped with the ESO Faint Object Spectrograph and Camera
2 (EFOSC2). The spectra were then processed and flux cali-
brated using standard data reduction techniques within IRAF
and MIDAS. Both spectra and photometry were corrected for
Galactic extinction using the dust maps from Schlegel et al.
(1998). All the optical spectra were scaled to the r-band pho-
tometry to fix their absolute flux calibration to that of the pho-
tometry. The spectra were not corrected for telluric absorption.

2.2. Sample definition

Papers I and IT advocated that in most cases dust is located at the
redshift of the QSO. PaperI found no evidence of intervening
absorbing galaxies that could be responsible for the reddening.
However, Paper II found 9 out of 154 QSOs for which the model
with dust from the intervening absorber is preferred. Papers I and
II found that for the majority of the QSOs, the QSO template red-
dened by the SMC-type extinction curve provides a good match
to the data. However, for some QSOs, the same simplistic model
fails in the NIR. PaperI further argued that this might be due
to i) a problem with the QSO template, most likely containing
significant contamination from the host galaxy; or ii) usage of
a simplistic SMC extinction curve for these data, where the lat-
ter is more probable. Instead of using a simplistic SMC model,
we here use an elaborate dust law to fit these excessive UV-flux-
deficient cases.

To study extinction curves intrinsic to the QSOs, we
considered as our basic sample all QSOs from PapersI and II,
excluding the nine objects for which the original analysis indi-
cated that the absorption might be caused by an intervening ab-
sorber. We combined the remaining objects into a sub-sample of
31 QSOs where the QSO composite spectrum reddened by an
SMC extinction curve does not provide a good solution for the
QSO spectral energy distribution (SED) and the SMC-reddened
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QSO template deviates by more than 30~ from the observed SED.
Fifteen of these show a sudden UV-break in the spectra, and a
single steep curve cannot fit those data. A detailed analysis of
these UV-break QSOs is underway (Zafar et al., in prep.). The
remaining 16 QSOs make up the sample for the present study
and have redshifts ranging from 0.71 < z < 2.13. The details of
each QSO are provided in Appendix A.

3. Dust modelling
3.1. Fitting procedure

We used the combined QSO template from Vanden Berk et al.
(2001) and Glikman et al. (2006) as a reference for the intrin-
sic slope of the SEDs of our QSOs (for details see PaperI). For
each QSO SED, the QSO template was redshifted to the redshift
of the observed QSO. The QSO template was then normalized
to the observed K;-band photometry. This was done because the
K;-band is the furthest band available in these SEDs and usually
occurs in the rest-frame optical/NIR of the QSOs and is less af-
fected by dust compared to the remaining data. Our spectra fully
cover the range of the g, r, and i photometric points and con-
tain more information. We therefore did not include those three
points in the fitting procedure. The spectrophotometric data on
the blue side of the QSO Ly« emission are in the Ly« forest and
were therefore excluded. We did not consider photometric upper
limits.

The QSO-SEDs were fitted with the extinction law of
Fitzpatrick & Massa (1986), and the best-fit parameters were
derived. The dust law is briefly described in Sect. 3.2. The QSO
SEDs were modelled in IDL using the y?> minimization algo-
rithm. To obtain errors on each parameter, we used 1000 Monte
Carlo (MC) realizations of the data. The mean value of each dat-
apoint was set to the observed value, and a Gaussian distribution
was defined with a width corresponding to the 10~ measured error
on that data point. We then fit the extinction law and estimated
the best-fit parameters for each simulated set. For each param-
eter, the error was calculated using the standard deviation of its
distribution. The number of degrees of freedom was calculated
by taking the number of pixels in the spectra plus the photomet-
ric points outside the spectral range minus the number of fitting
parameters.

3.2. Dust law

We used the Fitzpatrick & Massa (1986) law, which provides
freedom in reproducing the extinction curves through a set of
nine parameters. It contains two components: i) a UV linear
component specified by the parameters c¢; (intercept) and c;
(slope), and parameters c4 and cs provide the far-UV curvature
and ii) a Drude component describing the 2175 A bump by the
parameters c3 (bump strength), xo (central wave number), and y
(width of the bump). The extinction properties in the NIR and
optical were determined using spline interpolation points. For
more details of the law see Zafar et al. (2011, 2012). Hereafter
we refer to this extinction law as FM.

4. Results
4.1. Is there a bump at 2175 A?

As a first step. we fit the QSO SEDs individually using all
the nine dust law parameters, but parameter c3 did not vary
significantly from zero in any of the cases. This suggests that
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Table 1. FM best-fit parameters for the QSO sample.

QSO C Cy Cy Cs RV AV )(3
{m um? pm™! mag

HAQJO001522.0+112959 -4.334 +£0.367 2.521 £0.310 0.469 £0.232 590 +0.18 2.66 £0.31 0.58 +0.13 1.19
HAQJ012925.8—005900 —4.459 +0.310 2.406 +0.287 0.874+0.142 5.84 +£0.17 2.41+£0.28 0.74+0.17 1.01
HAQJO013016.5+143953 —-4.435 +0.437 2.371 £0.370 0.861 £0.175 5.86+0.19 2.23+0.35 0.46+0.12 0.90
HAQJO015136.7+061831 —4.681 +£0.429 2421 +0.456 0.421+0.143 5.89+0.16 2.29+0.23 0.51+0.14 1.04
HAQJ024717.3-005205 -4.623 +£0.321 2.326 £+0.205 0.474 £0.138 590 +0.17 2.52+0.19 1.00+0.11 1.10
HAQJ031213.4+003554 —-4.683 +£0.297 2.365+0.232 0.531+0.152 5.87+0.16 2.29+0.23 0.50+0.12 1.08
HAQJO031901.8+062339 —-5.652 +0.420 2.454 +£0.413 0.948 £0.208 5.78 +0.30 2.38 £0.35 0.20+0.06 0.96
HAQJ034748.1+011544 —-4.371 £0.437 2.369 +£0.394 1.251+0.182 6.50+0.21 2.23+0.39 0.29+0.12 1.23
HAQJ140047.1+021934 -4.523 +0.350 2.316 £0.268 0.595 £0.114 591 +£0.08 2.16 £0.36 0.56 +£0.09 1.02
HAQJ140952.6+094023 —-4.594 +£0.616 2.398 £0.343 0.861 £0.163 5.84 £0.09 2.27+0.26 0.54 +0.10 1.21
HAQJ152710.9+025019 -5.413 +£0.438 2.241 £0.289 0.621 £0.259 5.84 +0.22 2.33+£0.36 0.21 £0.07 1.04
HAQJ160601.1+290218 —-4.833 £0.486 2.361 £0.310 0.416+0.231 5.80+0.17 2.44+0.24 0.26 +0.08 1.03
HAQJ163957.9+315726 —-4.659 +0.410 2.344 £0.194 0.414 £0.125 6.02+0.11 248 +0.18 0.73+0.11 1.04
HAQJ164332.84294423 -4.462 +0.491 2.323 +£0.258 0.421+0.153 5.85+0.10 2.56+0.27 0.39+0.13 1.29
HAQJ231046.9+111721 -4.663 +0.613 2.364 +£0.482 0.461 £0.207 592 +0.15 244 +0.28 0.57+0.13 1.17
HAQJ235526.8—004154 —-4.785+0.402 2.281 +£0.325 0.628 £0.118 5.89 +£0.17 2.54+0.24 0.65+0.13 1.09
Weighted mean values -4.678 +£0.090 2.355+0.017 0.622 £0.062 5.90 +0.04 2.41+0.04

there is no bump at 2175 A in our objects. To test this, we then
froze the bump to the level reported by Gordon et al. (2003) for
the average SMC Bar sample and computed the best-fit y*s by
varying the remaining six parameters. The three fixed values are
c3 = 0.389, xp = 4.60 (um™"), and ¥y = 1.0 (um™"). We then
performed the individual SED fitting, but now froze cs to zero,
which decreased the y?2 for all our 16 QSOs from y2 = 1.12
to 1.10 for the same numbers of degrees of freedom. Based on
these tests, we conclude that there is no evidence for a bump
at 2175 A in any of our SEDs. We therefore use ¢3 = 0 hence-
forth. The best-fit extinction curve parameters, with ¢z = 0, of
our QSO sample are provided in Table 1.

4.2. Total-to-selective extinction, Ry

We determined Ays for each of our QSO by fitting the indi-
vidual SEDs. Our sample fit the steep extinction curves well
and has moderate to high extinction values with Ay ranging
from 0.20 = 0.06 to 1.00 = 0.11. The mean Ay of our sample
is (Ay) = 0.51 with a standard deviation of 0.21. In contrast,
Table 1 shows that the total-to-selective extinction (Ry) values
all are identical to within 1o, that is, the sample is consistent
with having a single value for Ry. The optimal weighted com-
bined value of individually determined Rys is 2.41 +0.04, which
is steeper (Fig. 3) than the average SMC Bar (Ry = 2.74 = 0.13;
Gordon et al. 2003).

4.3. Average QSO extinction curve

Encouraged by our finding in the previous section that suggested
that Ry is identical for all our QSOs, we now tested whether a
single unique extinction curve might fit our entire sample. First
we computed weighted averages of ¢y, ¢, c4, 5, and Ry using
inverse variance optimal weights. We report them at the end of
Table 1. To test whether this single extinction curve fit all 16 ob-
jects, we then kept all those five parameters fixed and now fit
each object only for Ay. The combined y? per degree of free-
dom (x?2) is found to be 1.07, which represents an insignificant
change from 1.09, which was the combined /\{3 of the individual
fits.

As alast step we now kept only the four c-parameters fixed,
while we performed a simultaneous fit to all 16 objects listed
in Table 1. For this fit we searched for the global minimum of
the y? for a single value of Ry while at the same time fitting for
an individual value of Ay for each QSO. This final fit provides a
final optimal value of Ry = 2.21+0.22 and a total y2 = 1.01. We
adopted this as the global Ry for our sample of steep extinction
curve QSOs, which together with the values of the c-parameters
listed in Table 1 provides a steep extinction curve template. The
parametric average QSO extinction curve is shown in Fig. 4 and
is defined as
A, 1

—— (-4.678 + 2.355x + 0.622(x — 5.90) + 1,

- 1
Ay 221 M

where x = 171,

4.4. Quasar spectral slope

In the previous sections we have consistently used the standard
quasar template described in Sect. 3.1. This template has an un-
derlying (unreddened) spectral slope of 8, = —0.5. It has been
shown (Richards et al. 2003; Krawczyk et al. 2015) that actual
quasar spectra follow a distribution of spectral slopes with an
rms (B,) = —0.2. Here we examine whether this scatter causes a
significant uncertainty in our determination of Ry.

For this purpose we modified the standard template by alter-
ing its slope with +0.2, that is, we used 8, = —0.3 and —0.7 in
addition to 8, = —0.5. For the test we then selected the quasar
with the lowest value of Ry in Table 1 (HAQJ1400+0219), the
quasar with the highest (HAQ J0015+1129), and one with an Ry
close to the final mean (HAQ J1606+2902). For those three we
repeated the exact same fit as described in Sect. 4.2, except that
we now used templates with 5, = —0.3 and —-0.7.

In Fig. 2 we plot the change in Ry as a function of 3,.
Regardless of the value of Ry itself, the added scatter of Ry is
0.05 for a scatter of 0.2 on g,. Under the realistic assumption,
therefore, that the 3, s of our quasar sample follow a random dis-
tribution with scatter 0.2, the final combined additional error on
the combined Ry is 0.05/(N)*> = 0.05 x 167%3 = 0.0125, which
is negligible considering our final value of Ry = 2.21+0.22. We
conclude this section by stating that the combined fit value of
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Fig. 1. SED of HAQJ0151+0618. The solid and dotted lines represent
the observed and error spectrum, respectively. The spectra are binned
by a factor of 2 for plotting purposes. The redshift and the rest-frame
visual extinction, Ay, is provided in the top left corner. The blue curve
represents the combined QSO template from Vanden Berk et al. (2001)
and Glikman et al. (2006) redshifted to the estimated redshift and red-
dened by the indicated amount of extinction. Red filled circles corre-
spond to the SDSS and UKIDSS photometry. Inset: extinction curve of
HAQJO0151+0618 based on the best-fit model given in Table 1. The
grey curve represents the spectrum. The black circles correspond to
the SDSS and UKIDSS photometry. The red solid curve corresponds
to the best-fit dust extinction model. The average SMC Bar (blue dot-
ted line) extinction model from Gordon et al. (2003) is also shown. The
complete SEDs of the QSO sample are shown in Fig. A.1.
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Fig.2. Change in R, plotted against quasar intrinsic slope, fS,.
The three selected quasars HAQJ0015+1129, HAQ J1606+2902, and
HAQJ1400+0219 are illustrated in red, green, and blue, respectively.

Ry is not influenced by the choice of spectral slope of the quasar
template.

5. Discussion

The extinction curves and Ry were determined for a wide variety
of environments and were found to show considerable depen-
dence on the environment: lower-density regions have a smaller
Ry and a steeper far-UV rise (17! > 4um™"), implying forma-
tion of smaller dust grains in these environments. Denser re-
gions have a larger Ry and a flatter far-UV curvature, implying
larger dust grains (Cardelli et al. 1989). Moreover, dust grains
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Fig.3. Individual extinction curves of the QSO sample compared
with the extinction curves of GRB 080605 (Zafar et al. 2012), aver-
age SMC Bar (Gordon et al. 2003), and MW sightline HD 210121
(Fitzpatrick & Massa 2007). The QSO extinction curves derived in this
work appear to be steeper than the other environments.

can potentially be affected by the local environments. Strong
shocks and UV photons may conspire to destroy large grains
and thus change the shape of the extinction curve (Jones 2004).
Elimination of large dust grains could lead to a steepening of the
dust extinction curves.

5.1. Dust composition

Our QSOs extinction curves are featureless and have a steep rise
with 27! into the UV, resembling the SMC curve, however, the
additional UV-rise makes these curves peculiar. The absence of
the 2175 A feature in these extinction curves implies the absence
of small carbonaceous grains. There may be small amounts of
carbonaceous grains present in these environments, but the steep
curve possibly dilutes the strength of the bump. Moreover, the
complexity of the QSO spectra prevented us from quantifying
the smaller bumps. The linear steep rise suggests that dust in
these environments is composed of smaller grains than that in the
Galactic diffuse ISM. This could either be due to more efficient
dust destruction as a result of the harsh active galactic nuclei
(AGN) environment, or to the low metallicities of these envi-
ronments. The former phenomenon is more probable. Moreover,
Reach et al. (2000) also suggested that in hot, luminous envi-
ronments, very small grains may have been destroyed. Mathis
(1996) proposed that small silicate grains are responsible for the
steep UV extinction. Weingartner & Draine (2001) and Li &
Draine (2001) developed a grain model consisting of carbona-
ceous grains producing the bump at 2175 A and the amorphous
silicate population that defines the steep UV curvature. The dust
properties observed here may simply be a reflection of such a
silicate population.

Silicates are the most commonly found dust species in the
ISM of galaxies. Silicate dust makes up ~70% of the core mass
of interstellar dust grains (e.g. Draine 2003). It is worth not-
ing that 10 um silicate emission features are discovered in lu-
minous dusty QSOs (e.g. Siebenmorgen et al. 2005; Hao et al.
2005; Sturm et al. 2006). Kulkarni et al. (2007, 2011) reported
9.7 um interstellar silicate absorption feature in QSO absorp-
tion systems. Recently, Hatziminaoglou et al. (2015) have per-
formed a comprehensive study of 9.7 um and 18 um silicate
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Fig. 4. Average QSO extinction curve of our sample compared with the
Local Group extinction curves. The red shaded area illustrates the dis-
persion in the average QSO extinction curve. The extinction curves of
the MW sightlines taken from Fitzpatrick & Massa (2007) are shown
in grey. The SMC and LMC extinction curves taken from Gordon et al.
(2003) are shown in charcoal dashed and dotted lines, respectively. The
black solid line represents the extinction curve towards the MW star
HD 210121. The black dashed line corresponds to the extinction curve
towards the SMC AzV 23 sightline.

emission features in a sample of AGNs. In contrast, observa-
tional evidence of local Seyfert galaxies dust tori suggests that
large graphite grains dominate the sublimation zone of the inner
torus (Kishimoto et al. 2007, 2009, 2011; Mor et al. 2009; Mor
& Netzer 2012). These studies indicate an altered distribution of
grain sizes and their composition.

5.2. Comparison of steep extinction curves

We also compared our QSO sample results to the MW
(Fitzpatrick & Massa 2007), LMC and SMC (Gordon et al.
2003) sightlines. Most of the extinction curves studied in the
Magellanic Clouds are from the active star-forming regions,
where strong shocks and UV photons may destroy large dust
grains, whereas in the MW the sightlines typically point towards
main-sequence OB stars. The UV rise in the average QSO ex-
tinction curve is typically steeper than for the vast majority of
known Local Group sightlines for a given value of Ay (Fig. 4).
The steepest SMC extinction curve is seen towards the sightline
AzV 23 with Ry = 2.65 (Gordon et al. 2003; see Fig. 4). Another
example of a steep extinction curve with a bump at 2175 A is
seen in the MW towards HD 210121 with Ry = 2.4 (Larson
et al. 2000; Sofia et al. 2005). However, the average QSO ex-
tinction curve deviates from both of these extinction curves at
>95% confidence level.

Outside the Local Group, steeper extinction laws are also
seen. Extinction curves steeper than the MW with Ry = 2.4-
2.5 and a bump at 2175 A are detected in the central M31 bulge
(Dong et al. 2014). Amanullah et al. (2014) found a steep ex-
tinction curve with Ry = 1.4 for a Type Ia supernova SN 2014JA
in the starburst galaxy M82. A sample of ~2000 UV-deficient
narrow line Seyfert galaxies also shows a steeper extinction law
(Zhou et al. 2006). Anomalously steep reddening laws have been
seen in Seyfert galaxies NGC 3227 and Mrk 231 (Crenshaw et al.
2001; Leighly et al. 2014). Schady et al. (2012) found UV-steep
extinction curves for moderately extinguished gamma-ray burst

(GRB) afterglows and flatter extinction curves for some heavily
extinguished GRBs (Ay > 1). Fynbo et al. (2014) reported that
the observed spectrum of GRB 140506A can be defined with a
steep UV extinction curve and a giant bump at 2175 A. An ex-

tinction curve with a steep UV-slope and a flatter Ry = 3. 19i8:§g

with a 2175A feature is found in GRB 080605 (Zafar et al.
2012); it deviates from the average QSO extinction curve at
2>90% confidence level. The FM law parameters ¢4 and c¢s define
the far-UV curvature. Except for three cases (HAQJ0319+0623,
HAQIJ1527+0250, and HAQ J1606+2902), we usually lack data
below gt < 1700 A (ie. 1/4 > 6pm‘1), therefore, we are not
able to fully constrain the far-UV curvature. However, for these
three cases we do not find any significant UV-turnover.

Previously, Gallerani et al. (2010) claimed extinction curves
deviating from the SMC law and flattening at A < 2000 A
in a sample of QSOs at 3.9 < z < 6.4. Gallerani et al. (2010)
selected bright blue-slope QSOs visible during their observing
runs and their shallower extinction curves probably driven by
the assumed template with an adjustable intrinsic slopes for the
QSO continua. Recently, Hjorth et al. (2013) found that the me-
dian extinction curve of QSOs at z ~ 6 is consistent with the
SMC curve. Because of their bright optical magnitudes and blue
colours, the QSO selection naturally favours objects with rela-
tively flat extinction curves. The HAQ survey of PapersI and II
explicitly searches for red objects, therefore, we find steep ex-
tinction curves in our sample.

The results of this work imply that the common usage of the
SMC extinction law to fit the QSO SEDs is inadequate (see also
Clayton et al. 2000; Gordon et al. 2003). In reality, Local Group
sightlines exhibit a variety of extinction curves. This work shows
that similar to the Local Group, QSOs without a bump at 2175 A
seem to have a continuum of steep extinction curves.

6. Conclusions

We presented a UV-flux-deficient sub-sample of the HAQ sur-
vey from PapersI and II to study the dust properties of the in-
trinsically reddened QSOs. We analyzed the NIR to UV SEDs
of 16 QSOs with redshifts ranging from 0.71 < z < 2.13. We
modelled the rest-frame QSO-SEDs by comparing them to the
combined QSO template from Vanden Berk et al. (2001) and
Glikman et al. (2006). These dusty QSOs have Ay values ranging
from Ay = 0.2—1.0 mag. We found no evidence for a 2175 A dust
feature. All our QSO-SEDs require an extinction law steeper
than that of the usual SMC. We derived the average QSO ex-
tinction curve by simultaneously fitting SEDs by fixing the FM
law to the combined weighted mean values and fitting for Ry
and Ay. The entire sample is well fit with a best-fit value of
Ry = 2.21 + 0.22. The average QSO extinction curve deviates
from the steepest MW and SMC extinction curves at 295% con-
fidence level. Such steep extinction curves may indicate that a
significant population of silicates produces small dust grains in
the harsh QSO environments. Another possibility is that large
dust grains may have been destroyed or cracked by the activity of
the nearby AGN, resulting in steep extinction curves. However,
an altered distribution of grain sizes is possible.
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Appendix A: Notes on individual QSOs

We wusually find an extra UV-flux drop in the spectra.
However, the u-band photometry is consistent with the reddened
QSO template. This drop might be caused by the inaccurate flux
calibration at the blue end of the spectrum. The QSO SEDs and
extinction curves are presented in Fig. A.1.

A.1. HAQJ0015+1129

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.87. The spectrum was obtained with the
NOT/ALFOSC. The redshift was based on the detection of the
Mgl emission line. The data are well fit with a steeper ex-
tinction curve with Ay = 0.58 +£ 0.13 and Ry = 2.66 = 0.31.
Previously, Paper II reported Ay = 0.78.

A.2. HAQJ0129-0059

This is a reddened QSO from the HAQ survey of Paperl
at redshift z = 0.71. The spectrum was obtained with the
NTT/EFOSC2. The redshift was estimated from the Mg II emis-
sion line. We modelled the QSO SED, and the data are well fit
with Ay = 0.74 £0.17 and Ry = 2.41 £ 0.28. Previously, Paper1
derived Ay = 1.5.

A.3. HAQJ0130+ 1439

This is a reddened QSO from the HAQ survey of Paperll
at redshift z = 0.93. The spectrum was obtained with the
NOT/ALFOSC, and the redshift was derived from the MgII
emission line. We modelled the QSO SED, and the data are well
fit with Ay = 0.46+0.12 and Ry = 2.23 +0.35. Paper Il reported
Ay = 0.4 from their SED analysis.

A.4. HAQJ0151+0618

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.95. The spectrum was obtained with the
NOT/ALFOSC. The redshift was based on the detection of the
Mg 11 emission line. The SED is nicely reproduced with a steep
extinction curve with Ay = 0.51 £ 0.14 and Ry = 2.29 + 0.23.
Previously, Paper II reported Ay = 0.72.

A.5. HAQJ0247-0052

This is a reddened QSO from the HAQ survey of Paperl
at redshift z = 0.825. The spectrum was obtained with the
NTT/EFOSC2. The redshift was estimated from the Mg and
O 11 emission lines. The SED can be modelled with Ry = 2.52 +
0.19 and a very high extinction value of Ay = 1.00 = 0.11.
Previously, Paper I inferred Ay = 1.5 from their SED analysis.

A.6. HAQJ0312+0035

This is a reddened QSO from the HAQ survey of Paperl
at redshift z = 1.28. The spectrum was obtained with the
NTT/EFOSC2. The redshift was derived from the Mgl and
C 11 emission lines. The SED can be modelled with a steep ex-
tinction curve with Ay = 0.50 £ 0.12 and Ry = 2.29 + 0.23.
Previously, Paper I derived Ay = 0.8.

A.7. HAQJ0319+0623

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 2.10. The spectrum was obtained with
the NOT/ALFOSC, and the redshift was derived from the
Sitv +O1v, C1v, and C1I emission lines. The SED can be
modelled with a steep extinction curve with Ay = 0.20 + 0.06

and Ry = 2.38 + 0.365. PaperII reported Ay = 0.13 from the
SED analysis.

A.8. HAQJ0347+0115

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.98. The spectrum was obtained with the
NOT/ALFOSC. The redshift was estimated from the Mg I emis-
sion line. The SED is modelled well with a steep extinction curve
and Ay = 0.29+0.12 together with Ry = 2.23+0.39. Previously,
Paper Il inferred Ay = 0.4 from the SED analysis.

A.9. HAQJ1400+0219

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.86. The spectrum was obtained with the
NOT/ALFOSC. The redshift was based on the detection of
Mgl emission line. We found the observed data fit very well
with a steep extinction curve and relatively high Ay with Ay =
0.56 = 0.09 and Ry = 2.16 + 0.36. Previously, Paper II reported
Ay =0.85.

A.10. HAQ J1409+0940

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.92. The spectrum was obtained with the
NOT/ALFOSC, and the redshift was derived from the relatively
weak Mg II emission line. The SED can be modelled with a steep
extinction curve with Ay = 0.54 + 0.10 and Ry = 2.27 + 0.26.
Paper II derived Ay = 0.93 from SED analysis.

A.11. HAQJ1527+0250

This is a reddened BAL QSO from the HAQ survey of Paper II
at redshift z = 2.13. The spectrum was obtained with the
NOT/ALFOSC. The redshift was estimated from the CIV and
C1I emission lines. We found that the observed data fit very
well with a steep extinction curve with Ay = 0.21 + 0.07 and
Ry =2.33 £ 0.36. Previously, PaperIlI reported Ay = 0.2.

A.12. HAQJ1606+2902

This is a reddened BAL QSO from the HAQ survey of Paper II
at redshift z = 1.82. The spectrum was obtained with the
NOT/ALFOSC, and the redshift was based on the detection of
C1v, Fe11, and Mg1I emission lines. The data are nicely repro-
duced with a low extinction value of Ay = 0.26 = 0.08 and
Ry = 2.44 + 0.24. Paper 1l inferred Ay = 0.25 from their SED
analysis.

A.13. HAQJ1639+3157

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.82. The spectrum was obtained with the
NOT/ALFOSC, and the redshift was based on the detection of
Mg1I emission line. The data are well described with a steep
extinction curve and relatively high extinction value of Ay =
0.73 £ 0.11 and Ry = 2.48 + 0.18. Previously, PaperII derived
AV = 079

A.14. HAQJ1643+2944

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 1.08. The spectrum was obtained with the
NOT/ALFOSC. The redshift was derived from the relatively
weak Mg1I emission line. The SED of the QSO fits well with
Ay = 0.39 £0.13 and Ry = 2.56 + 0.27. PaperlI previously
reported Ay = 0.44 from the SED analysis.
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Fig. A.1. Same as caption of Fig. 1.

A.15. HAQJ2310+1117

This is a reddened QSO from the HAQ survey of PaperlIl
at redshift z = 0.82. The spectrum was obtained with the
NOT/ALFOSC, and the redshift was estimated from the weak
Mg1I emission line. We found that the observed data fit very
well with a steep extinction curve with Ay = 0.57 = 0.13 and
Ry = 2.44 + 0.28. Previously, Paper Il reported Ay = 0.92 from
the SED analysis.
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A.16. HAQJ2355-0041

This is a reddened QSO from the HAQ survey of Paperl
1.01. The spectrum was obtained with the
NOT/ALFOSC. The redshift was inferred from the Mg II emis-
sion line. The SED is fit very well with a steep extinction curve
with Ay = 0.65 = 0.13 and Ry = 2.54 + 0.24. PaperI derived

at redshift z

Ay = 1.0 — 1.6 from the SED analysis.
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